Journal  of  Power  Sources  222  (2013)  277-281 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


P  r*! 

Sbb..«ltS 


Short  communication 

Evaluation  of  5  kW  proton  exchange  membrane  fuel  cell  stack  operated  at  95  °C 
under  ambient  pressure 

Zhengkai  Tua,  Haining  Zhanga  b  *,  Zhiping  Luoa  b,  Jing  Liuc,  Zhongmin  Wanc  **,  Mu  Pana,b 

a  State  Key  Laboratory  of  Advanced  Technology  for  Materials  Synthesis  and  Processing,  Wuhan  University  of  Technology,  Wuhan  430070,  China 
hI<ey  Laboratory  of  Fuel  Cell  Technology  of  Hubei  Province,  Wuhan  University  of  Technology,  Wuhan  430070,  China 
c  School  of  Physics,  Hunan  Institute  of  Science  and  Technology,  Yueyang,  Hunan  414006,  PR  China 


HIGHLIGHTS 


►  PEMFC  based  on  short  side  chain  perfluoronated  ionomer  composite  membranes  are  prepared. 

►  Cell  voltage  at  800  mAcm-2  of  PEMFC  reaches  0.61  V  at  95  °C  under  40%  RH  and  ambient  pressure. 

►  The  temperature  of  inlet  gases  affects  the  stack  performance. 
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Composite  membranes  containing  ePTFE  matrix  and  short  side  chain  perfluoronated  sulfonated  ion- 
omers  are  introduced  as  electrolytes  for  proton  exchange  membrane  fuel  cell  applications.  The  output 
voltage  at  800  mAcm-2  for  single  cell  using  composite  membrane  as  electrolyte  reaches  0.61  V  at  95  °C 
under  40%  relative  humidity  whereas  it  is  only  0.41  V  for  cell  assembled  from  pristine  short  side  chain 
perfluoronated  sulfonated  membrane  at  the  same  condition.  The  performance  of  fuel  cell  stack  using 
composite  membrane  as  electrolyte  in  kilowatts  ranges  has  been  experimentally  investigated  at  95  °C 
under  ambient  pressure.  With  the  increase  in  the  inlet  gas  temperature,  the  performance  of  the  stack  is 
enhanced.  The  non-monotonic  behavior  in  instantaneous  average  voltage  of  single  cells  in  the  stack  has 
been  observed  and  the  peak  value  is  appeared  at  the  stack  temperature  of  90  °C.  The  observed  water 
accumulation  phenomena  suggest  that  the  decrease  in  stack  performance  above  90  °C  is  attributed  to  the 
lack  of  water  in  the  system.  The  results  observed  in  this  study  demonstrate  that  the  composite 
membrane  has  the  potential  operating  at  95  °C  under  reduced  relative  humidity  to  40%,  which  is 
a  suitable  operating  condition  for  fuel  cell  vehicle  applications. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  one  of  the  promising  clean  energy  sources,  proton  exchange 
membrane  fuel  cell  (PEMFC),  also  known  as  polymer  electrolyte 
membrane  fuel  cell,  has  attracted  increasing  attention  because  of 
its  high  power  density  and  wide  range  of  applicability  including 
automotive  and  stationary  applications  [1,2].  As  restricted  by 
proton  conduction  and  current  formation  mechanisms,  operating 
temperature  below  80  °C  and  high  humidification  level  are  gener¬ 
ally  required  for  the  state  of  the  art  of  PEMFC.  The  thus-applied 
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large  radiator  and  humidification  sub-system  can  not  only 
decrease  the  power  density,  but  also  increase  the  cost  of  PEMFC, 
which  is  a  major  barrier  limiting  its  further  widespread  applica¬ 
tions  [3,4].  The  increase  in  operating  temperature  of  PEMFC  can 
effectively  decrease  the  size  of  the  radiator  because  of  the  simpli¬ 
fied  heat  management  [5].  In  addition,  the  increased  operation 
temperature  can  improve  the  quality  of  generated  heat,  making  the 
application  of  PEMFC  in  combined  heat  and  power  (CHP)  systems 
more  practically  possible  [6-8]. 

The  well-developed  high  temperature  PEMFC  stacks  are  those 
using  polybenzimidazole  doped  membranes  with  phosphoric  acid 
as  electrolytes,  having  operation  temperature  typically  in  the  range 
of  150-200  °C  [9].  Sanderson  et  al.,  from  FuelCell  Energy  Inc.  in  the 
US  reported  series  assembled  PEMFC  stacks  using  phosphoric  acid 
doped  PBI  membranes  as  electrolytes,  with  rated  power  from  2  kW 
to  15  kW  [10].  However,  technical  challenges  of  PEMFC  using 
phosphoric  acid  doped  PBI  membranes  including  relatively  low 
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power  density,  difficulty  of  start-up  from  room  temperature,  and 
dramatic  degradation  after  certain  operation  time  (reaching 
0.67  pV  s-1  as  reported  by  Pinar  et  al.  [11  ])  still  need  to  be  resolved 
prior  to  practical  applications. 

Recently,  short  side  chain  perfluoronated  ionomers  developed 
by  Solvay  Solexis  with  trademark  of  Aquivion®  have  provided 
another  choice  for  high  temperature  electrolytes  used  in  PEMFCs. 
Compared  to  the  well-known  Nation®  membranes,  membranes 
made  from  short  side  chain  perfluoronated  ionomers  exhibited  an 
improved  water  retention  ability  and  higher  glass  transition 
temperature,  making  them  possible  for  high  temperature  PEMFC 
applications  [12-14].  It  has  been  demonstrated  that  the  short  stack 
composed  of  6  membrane  electrode  assemblies  (MEAs)  with  active 
area  of  360  cm2  using  Aquivion  membranes  as  electrolytes  has 
appropriate  performance  in  a  wide  temperature  range  from 
ambient  to  110  °C  under  increased  system  pressure  of  1.5  bar  [15]. 
However,  the  increased  system  pressure  could  offset  the  benefit 
from  high  temperature.  Thus,  the  operating  temperature  in  short 
term  requirement  of  PEMFC  for  automotive  applications  is  set 
to  90-95  °C  based  on  the  state  of  the  art  of  membrane 
technology  [16]. 

In  this  communication,  we  report  the  design  and  assembly  of 
a  5  kW  PEMFC  stack  using  composite  membranes  consisting  of 
short  side  chain  perfluoronated  ionomers  and  ePTFE  as  electrolytes. 
The  performance  of  the  assembled  stack  has  been  evaluated  at  the 
operating  temperature  of  95  °C  under  ambient  pressure.  In  addi¬ 
tion,  the  water  accumulation  at  the  outlet  of  cathode  was  moni¬ 
tored  under  different  operating  conditions. 

2.  Experimental 

The  short  side  chain  perfluoronated  ionomers  with  equivalent 
weight  of  890  g  mol-1  and  pristine  short  side  chain  perfluoronated 
sulfonate  membrane  with  thickness  of  30  pm  were  received  from 
Huaxia  Shenzhou  New  Material  Co.  Ltd.,  China.  The  chemical 
structure  of  the  applied  ionomers  is  shown  in  Fig.  1.  Polymer 
electrolyte  composite  membranes  composed  of  short  side  chain 
perfluoronated  ionomers  and  ePTFE  were  prepared  by  following 
our  previous  work  [17].  The  typical  thickness  of  the  so-formed 
composite  membrane  is  about  12.5  pm.  Because  of  the  introduc¬ 
tion  of  non-proton  conducting  ePTFE  matrix,  the  equivalent  of  the 
membrane  increased  to  1209  g  mol-1  as  determined  by  titration  of 
ion-exchanged  solution  [18].  The  physical  and  electrochemical 
properties  of  the  formed  composite  membranes  were  listed  in 
Table  1.  The  performance  of  MEA  with  active  area  of  25  cm2  and  Pt 
(Hispec™  9100,  Johnson  Matthew)  loading  of  0.4  mg  cm-2  using 
Nation  ionomers  (EW  1100,  DuPont)  as  proton  conducting  mate¬ 
rials  in  electrode  for  both  anode  and  cathode  at  95  °C  under 
different  relative  humidities  were  investigated  on  FCATS  G50 
(GreenLight  In.  Co.,  Canada)  with  hydrogen  and  air  stoichiometry 
values  of  1.5  and  2.5,  respectively. 
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Fig.  1.  Chemical  structure  of  the  short  side  chain  perfluoronated  ionomers  used  in  this 
study. 


Table  1 

Physical  and  electrochemical  properties  of  composite  membranes  based 
on  short  side  chain  perfluoronated  sulfonated  ionomers. 


PEM  thickness  (m) 

1.0  x  10-5 

EW 

1209 

Bulk  density  (gem-3) 

1.93 

Surface  conductivity  (S  cm-2) 

48.4 

Mechanical  strength  (MPa) 

50.8 

Swelling  rate  (%) 

23 

Permeability/OCV 

0.95 

Swelling  stress 

<0.5 

Catalyst  layer  thickness  (m) 

1.2  xlO-5 

The  MEAs  with  active  area  of  200  cm2  were  fabricated  using 
catalyst-coated  membrane  method  as  reported  previously  [19,20]. 
Loading  of  Pt  electrocatalyst  (Hispec™  9100,  Johnson  Matthew)  on 
both  anode  and  cathode  is  0.4  mg  cm-2.  Nation  ionomers  were 
used  as  proton  conducting  materials  in  electrodes.  Carbon  paper 
(TGP-060,  Toray)  hydrophobically  treated  with  PTFE  was  used  as 
gas  diffusion  layer  and  microporous  layer  (MPL)  was  brushed  in  the 
carbon  paper.  The  treated  carbon  paper  was  then  pressed  on  both 
sides  of  catalyst-coated  membrane.  The  designed  PEMFC  stack 
composed  of  75  pairs  of  graphite  plates  with  special  serpentine 
flow  field  was  assembled  under  pressure  of  1  MPa  by  connecting 
each  MEA  in  series  between  two  graphite  plate  pairs.  The  reaction 
gases  are  in  co-flow  mode  during  the  cell  operation.  The  cooling 
channels  were  designed  on  the  back  of  each  graphite  plate  and 
deionized  water  at  pre-set  temperature  was  circulated  as  coolant  to 
keep  almost  constant  temperature  of  the  stack  during  polarization 
investigation.  The  assembled  PEMFC  stack  is  shown  in  Fig.  2  and 
geometric  properties  of  the  assembled  stack  are  listed  in  Table  2. 
Prior  to  the  performance  evaluation  of  the  stack,  internal  and 
external  leakages  of  reaction  gases  were  tested  and  the  result  was 
found  to  be  acceptable. 

The  performance  tests  of  the  assembled  stack  were  carried  on 
FCATS  G500  (GreenLight  In.  Co.,  Canada).  The  maximum  testing 
power  of  the  test  station  was  12.5  kW.  Operational  parameters 
including  electronic  load,  hydrogen  and  air  flux  or  gas  excessive 
coefficient,  dew  point  temperature,  the  stack  temperature  and 
back-pressure  can  be  controlled  precisely  with  the  supplied 
program.  Several  additional  temperature  and  pressure  sensors 
were  also  introduced  to  the  test  system  to  evaluate  the  variation  of 
such  parameters  in  the  stack.  The  schematic  diagram  of  the 
modified  test  system  is  shown  in  Fig.  3.  The  humidification  level  of 


Fig.  2.  The  5  kW-class  PEM  fuel  cell  stack.  Active  area  of  MEA:  200  cm2;  75  cell  stack. 
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Table  2 

Geometric  parameters  of  the  fuel  cell  stack  assembled  in  this  study. 


Single  cell  area  of  this  stack  (m2) 

200  x  10 

Flow  field  depth  (m) 

1.0  x  10 

Flow  field  width  (m) 

1.0  x  10 

Flow  field  ridge  width  (m) 

1.0  x  10 

Gas  diffusion  layer  thickness  (m) 

2.5  x  10 

PEM  thickness  (m) 

1.0  x  10 

Catalyst  layer  thickness  (m) 

1.2  x  10 

the  reaction  gases  was  controlled  by  the  inlet  temperature  of  gases 
passed  through  the  humidifiers  (with  the  same  temperature  of  inlet 
gas)  under  ambient  pressure.  In  this  study,  the  cathode  gas  was 
humidified  for  all  experiments  and  both  humidified  and  non- 
humidified  anode  gases  were  applied.  For  the  non-humidified 
hydrogen  operating  conditions,  the  humidifier  for  hydrogen  in 
the  test  station  was  set  at  “By  pass”  to  make  sure  that  the  dry 
hydrogen  was  supplied  into  the  stack.  During  the  test  process,  the 
polarization  curves  of  each  single  cell  were  recorded  as  well.  The 
hydrogen  and  air  flow  rates  in  this  study  were  set  to  200  1pm  and 
650 1pm,  respectively.  Unless  otherwise  stated,  the  temperature  of 
the  stack  was  kept  at  95  °C.  To  monitor  the  water  accumulation 
phenomena,  a  high-speed  vision  camera  (IEEE  1394b,  AVT,  German) 
with  pixel  of  1024  x  768  and  shoot  speed  of  270  frames  per  second 
was  introduced  at  the  outlet  of  cathode. 

3.  Results  and  discussion 

The  performance  of  MEA  based  on  short  side  chain  per- 
floruonated  ionomer  composite  membrane  in  this  study  was  first 
investigated  at  single  cell  level  with  active  area  of  25  cm2  before 
applied  to  stack  assembly.  The  polarization  curves  of  assembled 
single  cell  at  95  °C  under  various  relative  humidity  were  plotted  in 
Fig.  4.  As  comparison,  the  polarization  curves  of  the  assembled 
single  cell  at  65  °C  and  100%  relative  humidity  and  the  cell 
assembled  from  pristine  membrane  at  95  °C  and  50%  relative 
humidity  were  plotted  in  the  same  figure.  Under  100%  relative 
humidity  and  ambient  pressure,  it  was  observed  that  the  cell 
voltage  slightly  decreased  from  0.65  V  to  0.64  V  at  current  density 
of  800  mAcm-2  with  the  increase  in  operating  temperature  from 
65  to  95  °C,  attributed  to  the  decreased  partial  pressure  of  reaction 
gases  in  electrodes  with  the  increase  in  operating  temperature.  It 
can  be  seen  that  the  cell  voltage  decreased  with  the  decrease  in 
relative  humidity  at  95  °C.  While  the  relative  humidity  decreased 
from  100%  to  40%,  about  0.03  V  decrease  in  cell  voltage  was 
observed.  This  decrease  in  cell  voltage  with  the  relative  humidity 
resulted  from  the  dehydration  of  the  membrane  and  the  according 
increase  of  the  internal  resistance.  However,  it  is  evident  that  the 
cell  using  composite  membrane  as  electrolyte  performs  much 


1.  Pressure  control  er,  Z  Flowmeter,  3.  Bypass; 
4  Water  resenrior;  5.  Temeprature  sesor, 

6.  Stack;  7.  Pressure  sensor 


Fig.  3.  Schematic  diagram  of  the  testing  system  of  PEM  fuel  cell  stack. 


Fig.  4.  Polarization  curves  of  MEAs  made  from  composite  membrane  (solid)  and 
pristine  short  side  chain  perfluoronated  sulfonated  ionomer  membrane  (open)  under 
different  conditions  as  described  in  the  figure. 

better  at  95  °C  and  reduced  relative  humidity  than  that  using 
pristine  short  side  chain  perfluoronate  ionomer  membrane  as 
electrolyte.  The  output  voltage  of  cell  using  composite  membrane 
as  electrolyte  at  95  °C  and  40%  relative  humidity  reached  0.61  V  at 
800  mA  cm-2  that  is  about  0.2  V  higher  than  the  cell  assembled 
from  pristine  membrane.  The  less  humidity-dependant  perfor¬ 
mance  of  the  cell  using  composite  membrane  as  electrolyte  is 
attributed  to  the  thinner  composite  membrane  applied  (12.5  pm) 
compared  to  pristine  membrane  (30  pm)  as  the  thin  membrane  can 
facilitate  the  water  management  and  the  electrochemical  reaction 
generated  water  at  cathode  can  migrate  easily  to  anode  by  back 
diffusion  [21].  Accordingly,  the  back-diffused  water  can  reduce  the 
internal  resistance  of  the  cell,  leading  to  improved  cell  performance 
at  relatively  low  humidification  conditions.  Thus,  fuel  cell  using 
composite  membrane  as  electrolyte  has  great  potential  operated 
under  reduced  humidification  levels  and  stacks  based  on  composite 
membrane  electrolyte  were  developed. 

Prior  to  evaluation  of  the  performance,  the  assembled  fuel  cell 
stack  was  pre-activated  with  increasing  current  using  both  fully 
humidified  cathode  and  anode  gases  for  about  12  h  until  stable 
performance  was  reached.  Polarization  curves  of  the  stack  at  95  °C 
under  ambient  pressure  with  different  humidification  conditions 
were  plotted  in  Fig.  5.  The  humidification  was  controlled  by  the 
temperature  of  inlet  gases  and  the  values  of  relative  humidity  were 
calculated  according  to  saturated  water  vapor  pressures  as 
approximately  45.6%,  56.0%,  and  68.4%  for  inlet  gas  temperatures  of 
75  °C,  80  °C,  and  85  °C,  respectively.  It  is  evident,  that  the  stack 
supplied  with  humidified  gas  performs  better  than  that  supplied 
with  dry  anode  gas,  probably  attributed  to  the  decreased 
membrane  resistance  with  humidified  anode  gas.  When  the  inlet 


Current  Density  /  mAcm*2 

Fig.  5.  Polarization  curves  of  assembled  stack  with  the  supply  of  dry  hydrogen  (solid) 
and  humidified  hydrogen  (open)  under  different  inlet  gas  temperatures:  75  °C 
(square),  80  °C  (circle),  and  85  °C  (triangle). 
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temperature  varied  from  75  °C  to  85  °C,  the  output  voltage  of  the 
stack  at  600  mA  crrr2  increased  from  47.9  V  to  51.5  V  with  supply  of 
humidified  anode  gas  and  it  increased  from  39.9  V  to  44.0  V  with 
supply  of  dry  anode  gas.  Although  the  performance  of  the  stack  can 
be  enhanced  with  the  increase  of  the  inlet  gas  temperature,  the 
output  voltages  are  acceptable  for  the  stack  supplied  with  both 
humidified  anode  and  cathode  gases  under  relatively  low  inlet  gas 
temperature,  i.e.  relative  humidity  reduced  down  to  about  45%.  In 
addition,  the  average  voltage  of  each  cell  in  the  stack  was  observed 
to  be  about  0.64  V  at  600  mA  cm-2  at  95  °C  and  45.6%  relative 
humidity,  which  is  about  0.02  V  lower  than  that  of  single  cell  under 
similar  conditions.  This  result  indicates  that  the  further  improve¬ 
ment  for  assembly  process  of  the  stack  is  required. 

The  output  power  of  the  assembled  stack  at  95  °C  was  plotted  as 
a  function  of  current  density  in  Fig.  6  for  different  inlet  gas 
temperatures.  It  can  be  clearly  seen  that  the  output  power  increases 
with  the  increase  in  inlet  gas  temperature  for  supply  of  both 
humidified  and  dry  anode  gas.  With  the  increase  of  the  inlet  gas 
temperature  from  75°Cto85°C,  the  output  power  of  the  stack  at 
900  mAcm-2  increased  from  7.10  kW  to  7.84  kW  for  the  supply  of 
humidified  anode  gas  and  it  increased  from  5.10  kW  to  6.00  kW 
while  the  dry  anode  gas  was  supplied.  When  the  humidified  anode 
gas  was  supplied,  the  increased  inlet  gas  temperature  can  lead  to 
the  increased  humidity  of  the  system  and  the  enhanced  electrode 
reaction  kinetics,  resulting  in  an  improved  performance  of  the 
stack.  For  the  dry  anode  gas  testing  conditions,  the  increased  inlet 
gas  temperature  may  enhance  the  electrode  reaction  kinetics  and 
the  back  diffusion  of  water  from  cathode  to  anode,  leading  to  the 
improved  performance  of  stack.  However,  detailed  experiments  are 
required  to  be  carried  out  to  elucidate  the  temperature  effect  of 
inlet  gases  on  the  performance  of  the  stack. 

Voltage  uniformity  of  each  single  cell  in  the  stack  is  of  impor¬ 
tance  for  the  performance  and  the  potential  durability  of  the  stack. 
Voltage  distribution  values  of  each  single  cell  in  the  stack  at  95  °C 
and  600  mA  cm-2  under  different  test  conditions  are  displayed  in 
Fig.  7.  It  can  be  seen  that  the  fluctuation  of  voltage  distribution  for 
single  cells  in  the  stack  is  more  significant  supplied  with  dry  anode 
gas  than  that  supplied  with  humidified  anode  gas.  This  could  be 
attributed  to  the  uneven  water  distribution  in  the  membrane  when 
the  dry  anode  gas  was  supplied  since  the  water  evaporated  rela¬ 
tively  fast  at  the  stack  temperature  of  95  °C.  When  the  humidified 
anode  gas  was  fed  to  the  stack,  the  water  molecules  in  the  anode 
gas  may  balance  the  evaporated  water,  leading  to  relatively  stable 
voltage  distribution  of  single  cells  in  the  stack.  In  addition,  the 
slightly  increased  fluctuation  of  voltage  distribution  of  single  cells 
in  the  stack  was  observed  at  the  inlet  temperature  of  humidified 


Current  Density  /  mAcm'2 

Fig.  6.  Output  power  of  the  stack  at  different  current  density  with  supply  of  dry 
hydrogen  (solid)  and  humidified  hydrogen  (open)  under  different  inlet  gas  tempera¬ 
tures:  75  °C  (square),  80  °C  (circle),  and  85  °C  (triangle). 
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Fig.  7.  Voltage  distribution  of  single  cells  in  the  assembled  stack  with  supply  of  dry 
hydrogen  (solid)  and  humidified  hydrogen  (open)  under  different  inlet  gas  tempera¬ 
tures:  75  °C  (square),  80  °C  (circle),  and  85  °C  (triangle). 

anode  gas  of  85  °C  (corresponded  to  relative  humidity  of  about 
68.4%),  probably  attributed  to  the  “flooding”  phenomenon  in  some 
of  single  cells  in  the  stack.  Nevertheless,  the  uniformity  of  single 
cells  in  the  stack  was  relatively  stable  when  the  humidified  anode 
gas  was  fed  to  the  stack  in  this  experimental  range,  indicating  that 
the  stack  can  be  potentially  applied  for  practical  applications  at 
95  °C. 

Average  voltage  of  single  cells  in  the  stack  at  600  mA  cm-2  was 
plotted  in  Fig.  8  as  a  function  of  stack  temperature  under  different 
inlet  temperatures  of  humidified  anode  gas.  When  the  inlet 
temperature  of  humidified  anode  gas  was  fixed  at  75  °C,  the 
average  voltage  of  single  cells  in  the  stack  monotonically  decreased 
from  0.667  V  to  0.643  V  with  the  increase  of  stack  temperature 
from  85  °C  to  95  °C,  attributed  to  the  decrease  in  water  content  in 
the  stack.  However,  peak  average  voltages  of  single  cells  in  the  stack 
were  observed  to  be  0.685  V  and  0.694  V  for  the  inlet  temperature 
of  humidified  anode  gas  of  80  °C  and  85  °C,  respectively.  This  non¬ 
monotonic  behavior  in  average  voltage  with  the  stack  temperature 
probably  resulted  from  the  balance  between  the  lack  of  water 
induced  by  evaporation  and  the  increased  electrode  reaction 
kinetics  in  the  stack.  At  the  stack  temperature  below  90  °C,  the 
evaporation  of  water  is  less  pronounced  and  the  increased  elec¬ 
trode  reaction  kinetics  with  the  increase  in  stack  temperature 
dominates  the  performance,  leading  to  the  improved  performance 
with  the  increase  in  stack  temperature.  With  further  increasing 
stack  temperature  above  90  °C,  the  evaporation  of  water  becomes 
fast  and  the  according  increased  membrane  resistance  may 


Stack  Temperature  /  °C 

Fig.  8.  Instantaneous  average  voltage  of  the  stack  with  the  supply  of  humidified 
hydrogen  as  a  function  of  stack  temperature  at  different  inlet  gas  temperatures:  75  °C 
(square),  80  °C  (circle),  and  85  °C  (triangle). 
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Fig.  9.  Water  accumulation  at  cathode  outlet  of  the  stack  with  the  supply  of  dry  hydrogen  at  different  operating  temperatures:  (a)  85  °C,  (b)  90  °C,  and  (c)  95  °C. 


dominate  the  performance  of  the  stack.  Accordingly,  the  perfor¬ 
mance  of  the  stack  decreased  with  the  further  increase  in  stack 
temperature. 

The  water  accumulation  at  cathode  outlet  was  monitored  with 
a  high-speed  camera  under  different  stack  temperatures  using  dry 
hydrogen  and  humidified  air  as  reaction  gases  with  the  inlet  gas 
temperature  of  85  °C  to  have  a  better  understanding  on  the 
temperature-dependent  performance  of  the  stack.  It  can  be  seen 
from  Fig.  9  that  the  amount  of  accumulated  water  at  cathode  outlet 
decreased  with  the  increase  in  the  operating  temperature  of  the 
stack.  At  the  stack  temperatures  of  85  °C  and  90  °C,  the  accumu¬ 
lated  water  was  clearly  observed,  whereas  at  the  stack  temperature 
of  95  °C,  no  accumulated  water  was  observed  at  the  cathode  outlet. 
This  observation  suggested  that  the  decrease  in  stack  performance 
at  95  °C  could  be  attributed  to  increased  resistance  of  the  stack 
caused  by  the  lack  of  water  in  the  system.  While  the  stack 
temperature  is  below  90  °C,  enough  water  existed  in  the  system 
and  the  performance  increased  with  the  increase  in  temperature  as 
the  electrode  reaction  kinetics  can  be  enhanced  with  the 
temperature. 

It  should  be  noted  that  the  degradation  of  membrane  electro¬ 
lytes,  particularly  induced  by  humidity  variation,  is  one  of  the 
major  concerns  for  practical  application  of  PEMFCs  [22].  We  have 
previously  reported  that  composite  membranes  containing  Nation 
ionomers  and  ePTFE  matrix  exhibited  enhanced  durability 
compared  to  pristine  Nation  membranes  during  fuel  cell  operations 
at  65  °C  under  altered  relative  humidity  [17].  It  is  expected  that 
membranes  described  in  this  study  may  undergo  similar  trend  at 
elevated  temperature.  The  durability  investigation  deserves  further 
detailed  study. 

4.  Conclusion 

Composite  membranes  containing  ePTFE  matrix  and  short  side 
chain  perfluoronated  sulfonated  ionomers  were  applied  as  elec¬ 
trolytes  for  proton  exchange  membrane  fuel  cell  applications.  It 
was  demonstrated  that  fuel  cells  using  such  composite  membranes 
as  electrolytes  exhibited  reasonable  performance  at  95  °C  under 
reduced  relative  humidity,  reaching  0.61  V  at  800  mA  cm-2  with 
the  testing  condition  of  95  °C  and  40%  relative  humidity.  A  5  kW- 
class  fuel  cell  stack  was  assembled  using  composite  membrane  as 
electrolyte  and  the  performance  was  experimentally  evaluated  at 
95  °C  under  ambient  pressure.  The  performance  exhibits  strong 
dependence  on  the  inlet  gas  temperature  of  the  stack  while  oper¬ 
ating  at  95  °C.  With  the  increase  of  inlet  gas  temperature  from  75  °C 
to  85  °C,  the  stack  voltage  at  900  mAcrrr2  was  enhanced  by  11.0% 
when  humidified  gases  were  supplied  and  it  was  enhanced  by  17.7% 
when  dry  hydrogen  and  humidified  air  were  supplied.  In  addition, 
the  fluctuation  of  single  cell  voltages  in  the  stack  is  more  powerful 
with  the  supply  of  dry  hydrogen.  Non-monotonic  behavior  in 


average  cell  voltage  with  the  operating  temperature  of  stack  was 
observed  at  inlet  gas  temperature  above  80  °C,  attributed  to  the 
balance  between  the  lack  of  water  induced  by  evaporation  and  the 
increased  electrode  reaction  kinetics  in  the  stack.  The  results 
described  in  this  communication  demonstrate  that  fuel  cell  using 
ePTFE  enhanced  short  side  chain  perfluoronated  sulfonated  ion- 
omer  composite  membranes  has  the  potential  ability  working  at 
95  °C  with  relative  humidity  from  40%  to  100%,  which  is  a  suitable 
condition  for  fuel  cell  vehicle  operation  in  the  near  term. 
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